Abstract-Epidemiologic studies, animal models, and preliminary clinical trials in children implicate uric acid in the development of essential hypertension. Controversy remains as to whether the observations indicate a general mechanism or a surrogate phenomenon. We sought to determine whether uric acid is a causative mediator of increased blood pressure (BP) and impaired vascular compliance. We report a randomized, double-blinded, placebo-controlled trial comparing 2 mechanisms of urate reduction with placebo in prehypertensive, obese, adolescents, aged 11 to 17 years. Subjects were randomized to the xanthine oxidase inhibitor, allopurinol, uricosuric, probenecid, or placebo. Subjects treated with urate-lowering therapy experienced a highly significant reduction in BP. In clinic systolic BP fell 10.2 mm Hg and diastolic BP fell 9.0 mm Hg in treated patients compared with a rise of 1.7 mm Hg and 1.6 mm Hg systolic and diastolic BP, respectively in patients on placebo. Urate-lowering therapy also resulted in significant reduction in systemic vascular resistance. These data indicate that, at least in adolescents with prehypertension, uric acid causes increased BP that can be mitigated by urate lowering therapy. (Hypertension. 2012;60:1148-1156.)
T he hypothesis that uric acid may be a mediator of cardiovascular disease has been argued since the 1870s. 1 In more recent decades, it was largely dismissed because, despite epidemiologic correlation, no studies proved a plausible biological mechanism for uric acid leading to hypertension, and there were no clinical trial data to suggest that serum uric acid reduction lowered blood pressure (BP) or reduced cardiac morbidity. 2 During the last 10 years, emerging data have changed this perspective. Epidemiologic evidence indicates a link between serum uric acid and hypertension. In large, longitudinal cardiovascular risk studies, elevated uric acid consistently predicts the development of hypertension [3] [4] [5] [6] [7] [8] [9] and is associated with increased risk of cardiovascular events. [10] [11] [12] Animal studies also demonstrate a specific 2-step mechanism by which uric acid may lead to hypertension. 13 In rats, pharmacologically increased serum uric acid results in a 20-to 30-mm Hg increase in systolic BP (SBP) mediated by activation of the renin-angiotensin system and reduced vascular nitric oxide production. 14, 15 This hypertension resolves if uric acid levels return to normal. After a prolonged period of hyperuricemia, experimental animals develop sodium-sensitive hypertension that does not resolve with uric acid reduction. This later hypertension results from uric acid-mediated alterations in renal afferent arterioles, affecting pressure natriuresis. [16] [17] [18] [19] [20] If these mechanisms are present in humans, there may be a window of opportunity in which urate-lowering therapy could prevent or delay the development of permanent hypertension.
We have reported previously the results of a randomized, placebo-controlled, crossover trial investigating the effect of serum uric acid reduction on BP. We demonstrated that two thirds of adolescents with newly diagnosed essential hypertension and elevated serum uric acid normalized their BP when treated with the xanthine oxidase inhibitor allopurinol. 21 That study raised a number of questions. First, was the BP reduction a result of uric acid reduction or of inhibition of superoxide production, a byproduct xanthine oxidase function? Second, if uric acid reduction was the mechanism, did it function through a 2-step mechanism as suggested by animal models? Finally, is the observation reproducible?
We now report the results of a randomized, double-blinded, placebo-controlled clinical trial comparing 2 different pharmacologic mechanisms of uric acid reduction to placebo in obese adolescents with mildly elevated uric acid and prehypertension. We selected this population for several reasons. First, the obese adolescents represent an increasingly prevalent group with significant health care needs. Second, obese adolescents have a high incidence of both elevated uric acid and prehypertension and are at particularly high risk for progression to hypertension. Finally, if the 2-step hypertension model is recapitulated in humans, young prehypertensive individuals may be particularly responsive to uric acid-lowering therapy. In the study we sought to determine: (1) whether the prehypertensive phenotype could be mitigated by urate-lowering therapy, (2) the relative effects of xanthine oxidase inhibition and a uricosuric on BP, and (3) whether the observed effects of allopurinol, from the previous trial were reproducible.
Materials and Methods

Subjects
Research subjects were recruited from the Hypertension and Obesity Clinics at Texas Children's Hospital between September 2008 and January 2011. Children were evaluated as recommended by the fourth report of the Task Force on Hypertension in Children. 22 Inclusion criteria were as follows: age 11 to 17 years of age, serum uric acid of ≥5 mg/dL, prehypertension, body mass index (BMI) >95th percentile for sex and age with no upper limit in degree of obesity, and no current or previous antihypertensive medication. Exclusion criteria included stage 1 or 2 hypertension (BP >95th percentile for sex, age, and height percentile), serum creatinine outside the normal range for age, abnormal serum transaminases, or complete blood count. One hundred and eleven (70%) of 158 patients consented to be screened (see Figure) . All subjects had consultation with a nutritionist and received counseling in healthy diet, sodium reduction, and weight reduction.
Study Design
The study design was a randomized, double-blinded, placebocontrolled trial. The Investigational Pharmacy at Texas Children's Hospital Medication prepared allopurinol, probenecid, and placebo in identical, unmarked capsules. Informed consent was obtained during an interview with the subject and his/her guardian. Subjects were randomized by number table and treated with allopurinol 100 mg twice daily, probenecid 250 mg twice daily, or placebo capsule twice daily for 1 week, then allopurinol 200 mg twice daily, probenecid 500 mg twice daily, or 2 placebo capsules twice daily for 7 weeks. This was followed by a 4-week washout and follow-up period during which subjects did not take study medication (Figure) . The principal investigator and all study staff responsible for patient contact and end point measurement were blinded to medication assignment and serum uric acid values. End point testing included casual BP monitoring (primary end point), 24-hour ambulatory BP monitoring (secondary end point), clinical laboratory testing (complete blood count, electrolytes, blood urea nitrogen, creatinine, alanine aminotransferase, and urine pregnancy test), and bioimpedance, performed 3 to 7 days before initiation of medication and on the last day of each study phase. Subjects completed ambulatory BP monitoring before discontinuing study drug at the end of the active treatment phase. The study was approved by the Baylor College of Medicine Institutional Review Board.
Adverse Event Screening
All subjects had clinic visits on the day of medication initiation, +5 to 9 days, +28 to 32 days, +57 to 64 days, and at the end of the followup period.
Blood Pressure Measurements
BP measurements were made by trained personnel using aneroid monitors. Cuff size was selected in accordance with task force recommendations, 22 and the same cuff and monitor was used for a patient's subsequent visits. Study visits were approximately at the same time of day. Each BP data point was the mean of 4 upper extremity measurements, performed on seated children who had been relaxing in a room for >10 minutes. Standard, aneroid (Mabis Medic Kit-5), auscultatory monitors were used and were calibrated each month. Twenty-four-hour ambulatory BP monitoring was performed using SpaceLabs 90217 monitors. Monitors measured BP every 20 minutes from 6:00 am to 10:00 pm and every 30 minutes 10:00 pm to 6:00 am.
Definition of Prehypertension
The definition of prehypertension and hypertension used in this study is in accordance with the fourth Task Force on Hypertension in Children. 22 This definition is BP ≥90th percentile or odds ratio ≥120/80 mm Hg, 20 
Bioimpedance
Cardiac bioimpedance studies were performed with a Bio-Z device (CardioDynamics, San Diego, CA) using the manufacturers' specifications. Impedance cardiography has been used to monitor systemic vascular resistance indexed to body surface area and cardiac output and healthy and hypertensive children. 24, 25 The BP used for study calculations was the mean of 4 in clinic aneroid measurements.
Statistical Analysis
Sample size calculations were made for detection of the difference in change in SBP of 5 mm Hg and DBP 3 mm Hg with a power of 0.8 for each BP end point. The data were analyzed on an intent-to-treat basis. All 60 randomized patients were included in the analysis at the end of the treatment. For the 2 patients who dropped out, their pretreatment data were brought forward to favor the null hypothesis. In contrast, only patients who completed the follow-up phase were included in the analysis also to favor the null hypothesis. The mean of each patient's change end point variables were analyzed by paired t test and Hotelling T 2 test for repeated measurements. The fraction change in mean systemic vascular resistance index was analyzed by ANOVA for repeated measurements. Primary end point data are presented unadjusted and adjusted for weight and BMI. All analyses were performed using SPSS, Statistics 19 (IBM, Armonk, NY). Table 1 is a summary of the patient characteristics at the time of enrollment. The entire study population has a male predominance and is ethnically mixed. They have prehypertension by in-clinic measurements and their SBPs and DBPs are slightly lower when measured by ambulatory BP monitors. Across the 3 treatment groups, age, sex, ethnicity, serum uric acid, and BP criteria are the same. The probenecid group has a statistically significantly lower BMI. Tables 2 and 3 are summaries of the subject data at the conclusion of the 2-month, active treatment phase. Serum uric acid fell significantly in the allopurinol and probenecid groups, −2.8 mg/dL (−2.1 to −3.6 mg/dL) and −2.7 mg/dL (−1.2 to −3.4 mg/dL), respectively, but only minimally in the placebo group, −0.3 mg/dL (−0.1 to −0.7 mg/dL). Children in the placebo group had a slight decrease in casual SBP but no significant changes in casual DBP, 24 hours mean BP, or systemic vascular resistance index. In contrast, patients in the active treatment groups experienced marked reduction in SBP average fall of −10.1 mm Hg (−8.2 to −13.1 mm Hg) and −10.2 mm Hg (−7.8 to 11.9 mm Hg) for the allopurinol and probenecid groups, respectively. Similarly, treatment caused a significant fall in casual DBP, −8.0 mm Hg (−5.8 to −10.1 mm Hg) and −8.8 mm Hg (−6.6 to 11.3 mm Hg), for the allopurinol and probenecid groups, respectively. The same pattern was demonstrated in 24-hour ambulatory BP monitoring. Twenty-four-hour mean SBP changed, −9.2 mm Hg (−6.7 to −11.3 mm Hg) and −8.9 mm Hg (−7.0 to −10.9 mm Hg) in the allopurinol and probenecid groups, respectively. Twentyfour-hour mean DBP changed −6.1 mm Hg (−4.6 to −9.0 mm Hg) and −7.3 mm Hg (−6.2 to −12.1 mm Hg) in the allopurinol and probenecid groups, respectively. Uratelowering therapy also resulted in a fall in systemic vascular resistance index, −24.5% (−49.6% to −16.5%) for patients treated with allopurinol and −18.3% (−24.0% to −12.6%) for probenecid. Adjustment for weight and BMI had no significant effect. Tables 4 and 5 summarize the patient data after a 1-month washout period. Serum uric acid in the treated groups increased during the follow-up period, approaching, but remaining statistically significantly below, pretreatment levels, 6.1 mg/dL (5.4-6.8 mg/dL) for placebo, 6.0 mg/dL (5.5-6.6 mg/dL) for the allopurinol group, and 5.7 mg/dL (5.2-6.2 mg/dL) for the probenecid group. SBP and DBP also increased during the washout period, though remained below pretreatment levels, −4.0 mm Hg (−2.1 to −6.4 mm Hg) and −3.0 mm Hg (−0.3 to −4.7 mm Hg) for the allopurinol group, −3.2 mm Hg (−1.1 to −5.2 mm Hg) and −1.9 mm Hg (−0.2 to −4.4 mm Hg) for the probenecid group.
Results
All patients enrolled in this study were obese. Patients treated with placebo continued to gain weight at a rapid rate, +2.1 kg (1.7-2.8 kg) by the end of the 2-month treatment phase and +3.7 kg (0.6-4.8 kg) by the end of the 3-month total study period. In contrast, patients on urate-lowering therapy did not continue to gain weight. Patients treated with allopurinol had an average weight change of −0.9 kg (−1.5 to −0.6 kg) at 2 months and −0.9 kg (−2.0 to 0.1 kg) at 3 months. Patients treated with probenecid had an average weight change of −0.1 kg (−1.8 to 0.3 kg) at the end of 2 months and +0.2 kg (−0.4 to 0.7 kg) at the end of 3 months.
Although this small study was not powered to perform definitive subgroup analyses, Tables 6 and 7 show the exploratory evaluation of sex and racial groups. For the purposes of this analysis, all actively treated subjects were compared 
Discussion
Our previous studies demonstrated a very high prevalence of elevated serum uric acid among adolescents with essential hypertension, 26 and lowering serum uric acid could reduce BP in selected patients. 21 Although these observations suggest that uric acid could be a direct mediator of hypertension, several questions remained that have been addressed by the current study.
The most important question is whether uric acid causes an increase in BP in young patients. The previous study demonstrated that uric acid reduction by xanthine oxidase inhibition results in lower BP. It could not exclude the possibility that some or all of the observed effect could be mediated by a reduction of reactive oxygen species, caused by xanthine oxidase inhibition, as has been suggested by George et al. 27 Our current results, that allopurinol and probenecid treatment result in similar BP responses, clearly implicate uric acid as the biochemical mediator of increased BP.
These clinical trial results cannot establish the underlying physiological mechanisms that mediate the BP response. It is not clear whether extracellular or intracellular uric acid levels are mechanistically more important. Furthermore, we did not assess sodium homeostasis in this trial, and either unrecognized changes in natriuresis or sodium intake could have had an impact on BP and weight results.
Animal model data suggest a 2-phase mechanism for uric acid-mediated hypertension. In this model, the first phase of hypertension is remediable by urate-lowering therapy and is sodium insensitive, whereas the second phase is sodium sensitive and not improved by uric acid reduction. 13 These data are largely the reason why we selected a study population of adolescents with prehypertension. These patients are less likely than an older cohort to have moved on to the chronic vascular effects of hyperuricemia. The impact of allopurinol and probenecid on systemic vascular resistance is consistent with the experimental model but does not prove that the mechanism in humans is the same. Future studies, with a larger number of patients, that measure the effect of urate-lowering therapy on renin activity, nitric oxide flux, vascular growth factors, and sodium sensitivity will be required to establish the precise mechanisms of uric acid-mediated hypertension.
One potential concern is that not all patients with increased serum uric acid have hypertension. Our data support the hypothesis that uric acid is a reversible mechanistic contributor to the development of hypertension. The literature on the cause of hypertension describe a wide variety of genetic, metabolic, environmental, and socioeconomic influences on the development, severity, and comorbidities of hypertension. [28] [29] [30] [31] [32] [33] Hypertension, in many, has multifactorial causes, and uric acid is one potential contributor that has varying impact depending on the population studied. Furthermore, this effect on BP is not isolated to those who meet criteria for hypertension, because adolescents with BPs in the prehypertensive range respond to urate-lowering therapy.
A surprising observation was the effect of therapy on the rate of weight gain. Patients on allopurinol or probenecid therapy had stable weight during the 3-month period of the study, whereas placebo-treated subjects gain >1 kg per month. A similar effect on weight gain was seen in our previous trial. 21 It is possible that both active agents caused nausea or decrease in appetite, although patients did not complain of such an adverse effect, thereby reducing caloric intake and rate of weight gain. If both agents caused reduced sodium intake, because of nausea, some of the BP effects could be mediated through reduced extracellular volume. There is another metabolic possibility. A short-term, high-fructose diet also leads to increased BP, weight, and metabolic syndrome in young adult men, and all of these effects can be mitigated by allopurinol. 34 Nakagawa et al 35 demonstrated in rodents that uric acid reduction blocks weight gain and metabolic effects of a high-fructose diet. 35 Epidemiologic studies have shown that, higher serum uric acid predicts both acute and chronic weight gain. 5, 36 Our results further suggest, but do not prove, that uric acid may be involved in obesity and its comorbidities beyond just hypertension. This and our previous 2 studies have focused only on adolescent patients. 21, 26 The reason, as mentioned above, is that, in a proof-of-principle trial, the younger patients without long-term hypertension are both more likely to respond to urate-lowering therapy and provide results with fewer confounders. The BP reduction from uric acid lowering was greater in prehypertensive adolescents than those in stage 1 hypertension. This may be because of longer duration of therapy 25 or less established disease. In both studies the BP increased, but not completely to baseline, after discontinuation of therapy. Because we have only studied adolescents, we cannot generalize to older patients. These results should not be construed as a recommendation to treat uric acid-associated hypertension with agents such as allopurinol or probenecid. Even in this small study, we observed a case of severe allopurinol hypersensitivity. Allopurinol and probenecid have inferior safety profiles compared with many approved antihypertensive medications. 37, 38 Although mechanism-directed therapy has appeal, and in the case of uric acid, the potential to arrest the development of hypertension, such an approach must await new therapeutic alternatives.
Perspectives
The results of this study provide direct evidence that uric acid increases BP in adolescents and that this effect can be mitigated by urate-lowering therapy. Epidemiological evidence implicates uric acid in the development of hypertension in older patients, [3] [4] [5] [6] [7] [8] [39] [40] [41] but future clinical trials are required for confirmation. This trial provides evidence that control of uric acid can rectify prehypertension but does not prove the therapy will impact progressive hypertension, target organ damage, or incident cardiovascular disease.
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